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Abstract This study investigates the effects of air–sea
interaction upon simulated tropical climatology, focusing
on the boreal summer mean precipitation and the embed-
ded intra-seasonal oscillation (ISO) signal. Both the daily
coupling of ocean–atmosphere and the diurnal variation of
sea surface temperature (SST) at every time step by
accounting for the ocean mixed layer and surface-energy
budget at the ocean surface are considered. The ocean–
atmosphere coupled model component of the global/
regional integrated model system has been utilized. Results
from the coupled model show better precipitation clima-
tology than those from the atmosphere-only model, through
the inclusion of SST–cloudiness–precipitation feedback in
the coupled system. Cooling the ocean surface in the
coupled model is mainly responsible for the improved
precipitation climatology, whereas neither the coupling
itself nor the diurnal variation in the SST influences the
simulated climatology. However, the inclusion of the
diurnal cycle in the SST shows a distinct improvement of
the simulated ISO signal, by either decreasing or increasing
the magnitude of spectral powers, as compared to the
simulation results that exclude the diurnal variation of the
SST in coupled models.
Keywords Intra-seasonal oscillation  Coupled climate
model  Air–sea interaction  Diurnal variation of SST 
GRIMs
1 Introduction
The tropical intraseasonal oscillation (ISO), also known as
the Madden–Julian oscillation (MJO) is the dominant mode
of low-frequency variability on a 30- to 60-day time scale
in the tropical atmosphere. This signal is evident in large-
scale circulation, which is strongly coupled with fluctua-
tions in convection originating in the Indian Ocean and
moving eastward across the Maritime Continent into the
western Pacific, and accounts for a large portion of the total
variability in both large-scale circulation and convection
over the tropical Eastern Hemisphere (Madden and Julian
1971, 1994; Rajendran and Kitoh 2006).
The ISO is important because of its considerable influ-
ence on monsoon dynamics, its generation of active and
break phases of convection during the South-East Asian and
Australian monsoons, its influence on general weather and
climate variability, and because it is an important part of the
ENSO cycle (Lau and Chan 1986; Kang et al. 1999; Hoyos
and Webster 2007; Kim et al. 2010). During boreal summer,
in addition to the eastward propagation, pronounced
northward propagations of organized convection and asso-
ciated large-scale circulation are evident over the Asian
monsoon region (Yasunari 1981; Murakami and Nakazawa
1985; Srinivasan and Smith 1996). However, these phe-
nomena are known to be difficult to capture in general
circulation models (GCMs) (Hendon 2000; Zhang and
Gottschalck 2002; Lin et al. 2006; Seo and Wang 2010).
There is growing interest in the role that air–sea inter-
action may play in the dynamics of the ISO. This interest is
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motivated by the fact that models with a prescribed sea
surface temperature (SST) typically produce ISOs that move
eastward too quickly, are too weak, and have incorrect
seasonality (Slingo et al. 1996; Zheng et al. 2004; Fu et al.
2007; Kim and Kang 2008). Zheng et al. (2004) studied the
role of coupled SSTs on the simulation of boreal winter and
summer ISOs using the geophysical fluid dynamics labo-
ratory (GFDL)-coupled GCM and demonstrated that the
realistic phase relationship between SST and precipitation
improved the simulation of ISOs in the coupled model. Kim
and Kang (2008) suggested that higher temporal SST reso-
lution improves the simulation and potential predictability
of MJO characteristics including intensity and eastward
propagation.
Many observational and modeling studies have shown
that the ocean–atmosphere coupling is crucial to the
maintenance of the ISO (Fu et al. 2004; Zheng et al. 2004;
Rajendran and Kitoh 2006; Pegion and Kirtman 2008; Kim
et al. 2010). Fu et al. (2004) showed that the ISO in an
ocean–atmosphere coupled run is about 50 % stronger than
that in an atmosphere-only run. Rajendran and Kitoh (2006)
suggested the presence of a dominant feedback mechanism
between the ocean and the atmosphere, in which the ocean
plays an important role in defining the ISO characteristics.
Pegion and Kirtman (2008) showed that the overall intra-
seasonal variability of precipitation is reduced in the cou-
pled simulation compared with the uncoupled simulation
forced by daily SST. Kim et al. (2010) showed that the
mean MJO intensity has more realistic amplitude in the
coupled model than in the atmosphere-only model. These
studies confirm that SSTs vary in response to changes in
surface fluxes by intraseasonal variation in tropical con-
vection, in the coupled model, and that the coupled model
has the potential to reproduce observed aspects of ISOs.
Recently, it has been reported that the incorporation of
diurnal variations of the SST into GCMs is also an important
factor (Danabasoglu et al. 2006; Woolnough et al. 2007;
Ham et al. 2010; Klingaman et al. 2011; Oh et al. 2013).
Danabasoglu et al. (2006) suggested that the absence of the
diurnal solar forcing of the ocean has several undesirable
consequences in the coupled model, including excessive
ENSO variability, significantly underestimated Pacific
equatorial SST, and lack of deep-cycle turbulence. Wooln-
ough et al. (2007) found that the improved representation of
the diurnal variation is a significant factor in improving the
MJO prediction skill. Ham et al. (2010) suggested that the
implementation of the diurnal air–sea coupling strategy
significantly reduced the cold temperature biases over
equatorial western Pacific regions. Klingaman et al. (2011)
found that the higher coupling frequency improves the MJO
variability. Oh et al. (2013) found that suppressing the
diurnal cycle shows a strong intraseasonal variability over
the Maritime Continent. From these studies, it is clear that
the inclusion of the diurnal cycle in coupling is important in
either the simulated climatology or the MJO. However, a
comprehensive evaluation of diurnal cycle in coupled model
has not been carried out, due to the limitation of coupling
frequency in previous studies.
In this study, the individual effect of the air–sea cou-
pling due to SST changes, the coupling effect itself, and the
diurnal variation of SST are isolated. The importance of
each component in air–sea coupling will be investigated,
and the results from the coupled model will be validated
and compared with those of the atmosphere-only model.
The coupled model used in this study is a newly developed
GCM (Hong et al. 2013). The diurnal variation of SST is
considered at every integration time step by the wind-dri-
ven mixed-layer cooling as well as the surface energy
budget over the oceans in the atmosphere model compo-
nent. The method of Kim and Hong (2010) that is applied
to regional downscaling was adapted in this study, which
can be a complementary solution to the coupled system on
a daily basis. Simulations are conducted for boreal sum-
mers from 1997 to 2004 with a focus on evaluating the
simulated precipitation climatology and the associated ISO.
This paper is organized as follows. The details of the
model, experiments, and datasets are explained in Sect. 2.
The effects of air–sea coupling, SST, and the diurnal cycle
of SST on the tropical climate are discussed in Sect. 3.
Finally, conclusion is presented in Sect. 4.
2 Experimental design
2.1 Models
The global ocean–atmosphere coupled model is a compo-
nent of the recently developed the Global/Regional Inte-
grated Model System (GRIMs) (Hong et al. 2013). The
GRIMs was created for use in numerical weather prediction,
seasonal simulations, and climate research projects over
global to regional scales. In addition to the conventional
spherical harmonics (SPH) dynamical core for the global
model program (GMP), a double Fourier series (DFS,
Cheong 2006) core is included as an alternative. A single-
column model (SCM) program was devised for effective
evaluation of physics algorithms, and the aqua-planet was
tested for the interaction of dynamics and physical param-
eterizations in atmospheric models. The regional model
program with the scale selective spectral nudging (Hong and
Chang 2012) has been applied to downscaling of climate
changes. The history and configuration of the GRIMs and its
capabilities in numerical weather prediction and climate
simulations were demonstrated in Hong et al. (2013).
The atmospheric model utilized in the seasonal simu-
lation employs a resolution of T62L28 (triangular
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truncation at wave number 62 in the horizontal and 28
terrain-following sigma layers in the vertical). We employ
the GRIMs model physics version 3.1, which includes
longwave and shortwave radiation (Chou et al. 1999; Chou
and Suarez 1999; Chou et al. 2005), planetary boundary-
layer processes (Hong et al. 2006), shallow convection
(Hong et al. 2013), gravity-wave drag (Kim and Arakawa
1995; Chun and Baik 1998; Jeon et al. 2010), simple
hydrology, and vertical and horizontal diffusion. For pre-
cipitation physics, stratiform precipitation processes (Hong
et al. 1998) is employed in this model. Meanwhile, it has
been reported that specific closures would improve the
simulation of ISO in specific models. In this study, the
simplified Arakawa-Schubert (SAS) scheme (Pan and Wu
1995; Hong and Pan 1998; Park and Hong 2007) is used in
the model for cumulus convection scheme. The SAS
scheme is based on the closure assumption of Arakawa and
Schubert (1974), that is, the convective clouds stabilize the
environment as fast as the convective processes destabilize
it. The results regarding the sensitivity of the ISO to dif-
ferent convection schemes, using the coupled climate
model, were discussed in Ham and Hong (2013).
The ocean model is the GFDL Modular Ocean Model
version 3 (MOM3) (Pacanowski and Griffies 1998), which
is a finite different version of the ocean primitive equations
under the assumptions of Boussinesq and hydrostatic
approximations. It uses spherical coordinates in the hori-
zontal with a staggered Arakawa B grid and the z coordi-
nate in the vertical. The domain is quasi-global, extending
from 74S to 64N. The zonal resolution is 1. The
meridional resolution is 1/3 between 10S and 10N, and
gradually increases through the tropics until becoming
fixed at 1 poleward of 30S and 30N. There are 40 layers
in the vertical, 27 layers of which are in the uppermost
400 m, and the bottom depth is around 4.5 km. The vertical
resolution is 10 m from the surface to a depth of 240 m,
and gradually increases to about 511 m in the bottom layer.
The atmospheric and oceanic components are coupled
with no flux adjustment or correction. The two components
exchange daily averaged quantities, such as heat and
momentum fluxes, once a day. Because of the differences
in the latitudinal domain, complete interaction between
atmospheric and oceanic components is confined to 65S to
50N. Poleward of 74S and 64N, the SSTs needed for the
atmospheric model are taken from observed climatology.
Between 74S and 65S and between 64N and 50N, SSTs
for the atmospheric component are a weighted average of
the observed climatology and the SST from the ocean
component of the GRIMs.
The diurnal variation of SST considering the wind-dri-
ven mixed-layer cooling as well as the surface energy
budget over the oceans is represented (Kim and Hong
2010). The ocean mixed layer (OML) depth is initialized to
the global climatology field of the Naval Research Labo-
ratory OML depth (Kara et al. 2003) every 0000 UTC. Kim
and Hong (2010) showed that the inclusion of the ocean
mixed-layer model cools the water surface due to enhanced
mixing using the weather research and forecasting (WRF)
model (Skamarock et al. 2008). They also suggested that
cooling is largely compensated for by the inclusion of a
prognostic skin temperature, since solar heating in the day
time overwhelms cooling in the nighttime.
2.2 Experiments
Four experiments are designed, as summarized in Table 1.
The AGCM experiment is the simulation with the atmo-
spheric-only model. The CGCM experiment uses an
atmosphere–ocean coupled model that couples on a daily
basis. The diurnal variation of SST considering the wind-
driven mixed-layer cooling as well as surface energy
budget over the oceans is taken into account. Two sensi-
tivity experiments, the FSST and NODI experiments,
examine the individual effects of coupling itself and the
diurnal variation of SST. Because the FSST experiment is
used the prescribed SST from the CGCM experiment,
differences between the two experiments are due to the
effects of air–sea coupling itself. Likewise, a comparison
of the simulations from the NODI and CGCM experiments
can help to understand the effect of diurnal variation of
SST on the simulated summer climatology and ISO. All
simulations are conducted for the eight extended boreal
summers (May–June-July–August-September, MJJAS)
from 1997 to 2004. Previous studies have showed that a
5-month period is sufficient to evaluate the characteristics
of wave propagation and intensity of the ISO simulation
(Park et al. 2010; Weaver et al. 2011).
The atmospheric initial conditions were derived from
National Center for Environmental Prediction (NCEP)/
Department of Energy (DOE) Reanalysis-2 (RA2) data
(Kanamitsu et al. 2002). As a surface boundary initial
condition, observed SST data with a resolution of 1 degree
were used (Reynolds and Smith, 1994). The ocean initial
conditions were obtained from the Global Ocean Data
Assimilation System (GODAS), which was made
Table 1 Summary of experiments designed in the atmosphere gen-
eral circulation model and coupled atmosphere–ocean model
frameworks
Exp. Description
AGCM Atmosphere general circulation model with observed SST
CGCM Coupled atmosphere–ocean model with diurnal variation of
SST
FSST AGCM with prescribed SST from CGCM
NODI CGCM without diurnal variation of SST
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operational at NCEP in September 2003. Simulated cli-
matology including precipitation, large-scale features, and
SST is evaluated against observed monthly and daily pre-
cipitation, and the observed large-scale fields, which are
obtained from the Climate Prediction Center (CPC)
Merged Analysis Monthly precipitation (CMAP) data (Xie
and Arkin 1997), the Global Precipitation Climatology
Project (GPCP) Satellite-Derived GOES precipitation
index (GPI) daily Rainfall Estimates products (Huffman
et al. 2001), RA2 data, an objectively analyzed air–sea
fluxes (OAFlux) dataset for the global oceans (Yu et al.
2004; Wu et al. 2007) and the optimally interpolated SST
(OISST) data, respectively. The ability of the climate
model to simulate the ISO is examined using a standard-
ized set of diagnostics developed by the U.S. climate var-
iability and predictability (CLIVAR) MJO Working Group.
Detailed information regarding the diagnostics is available
in Waliser et al. (2009).
3 Results
3.1 Evaluation of the coupled climate model
To review the performance of the GRIMs forecasts, SST,
precipitation and large-scale features from the AGCM and
CGCM experiments are first analyzed. Figure 1 shows the
horizontal distribution of averaged SST fields for the eight-
year period (1997–2004). The CGCM experiment shows an
overall cooling over tropical Pacific, especially the western
Pacific at around 20N. Furthermore, warming appears
over the coastal region in the eastern Pacific. The cooling is
due in part to the double inter-tropical convergence zone
(ITCZ) problem, which is characterized by the significant
SST bias in much of the tropical oceans and near the
equator in both the Northern and Southern Hemispheres
(Lin et al. 2007). Also, it is due to the increase of cloudi-
ness and solar radiation blocking by air–sea interaction
(Wu et al. 2007; Kug et al. 2008). This bias may reduce the
benefits of the coupled model for predicting atmospheric
variability.
Figure 2 exhibits the seasonal precipitation climatology
from the AGCM and CGCM experiments. In comparison
with the observed data, both runs satisfactorily reproduce
the distribution of precipitation (Fig. 2a, b, c), but also
show a double ITCZ pattern, which is a common problem
seen in other GCMs (e.g., Covey et al. 2003; Dai 2006).
Precipitation from the AGCM experiment tends to be
exaggerated over the northwest and southwest Pacific and
the Indian Ocean and underestimated over the western
equatorial Pacific and the Bay of Bengal (Fig. 2d). Results
from the coupled model show an improved tropical pre-
cipitation pattern by an increase in precipitation over the
western equatorial Pacific and central tropical Pacific, and
a reduction in the same over the Indian Ocean and the
northwest and southwest Pacific. The CGCM experiment
(0.76) shows a better correlation coefficient than the
AGCM experiment (0.69). Nevertheless, the CGCM
experiment gives a better climatology of precipitation and
other atmospheric variables than the AGCM experiment,
indicating that the effects of SST, air–sea coupling and
diurnal variation of SST are critical to the correct simula-
tion of the atmospheric climatology. The detail reasons are
shown following figures.
Differences in the net surface heat fluxes between the
AGCM experiment and OAFlux dataset, and between the
AGCM and CGCM runs are shown in Fig. 3. Interestingly,
the heat flux difference tends to be closely related to the
precipitation bias pattern (see Figs. 2d, 3a). The wet bias
can be linked to the negative heat flux difference by
increased cloudiness and solar radiation blocking. The
negative heat flux cools the ocean surface and induces
(a) OBS
(b) CGCM
(c) CGCM – OBS
Fig. 1 May–September mean (a) Optimally interpolated sea surface
temperature (C), (b) SST output from CGCM experiment, and
(c) its differences. The period used in the calculation is 8 years
(1997–2004). Shading region in (c) shows the 95 % significance
level. Dark (Light) shaded areas indicate positive (negative)
differences
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additional SST cooling. However, the atmosphere-only
model cannot reflect this process because it does not con-
sider ocean–atmosphere interaction. In contrast to the
atmosphere-only model, the coupled model includes the
ocean–atmosphere feedback processes. Therefore, SST
cooling in the coupled model leads to positive heat fluxes,
which is related to the dry environment, whereas negative
heat flux is related to an increase in precipitation. Although
there are cooling biases in SST, the CGCM experiment
shows improved precipitation simulation. This is due to the
fact that the CGCM experiment includes the air–sea
interaction such as SST–precipitation feedback. This result
is consistent in Kug et al. (2008) and Wu et al. (2007). Wu
et al. (2007) also found that the AGCM simulation leads to
excessively large seasonal mean rainfall and surface latent
heat fluxes anomalies.
Which factors play a role in the correct simulation of
atmospheric climatology? Figure 4 shows the horizontal
difference distribution of precipitation. Effect of SST itself
(i.e., FSST—AGCM) leads to an increase in precipitation
over the western Pacific, equatorial Pacific, and the Bay of
Bengal, and a decrease in precipitation over the Indian
Ocean and sub-tropical Pacific (Fig. 4a). By air–sea cou-
pling effects (i.e., CGCM—FSST), rainfall is a little
(a) OBS
(b) AGCM (0.69) (c)  CGCM (0.76)
(d) AGCM – OBS (e)  CGCM – AGCM
Fig. 2 a, b, c Seasonal mean distributions of precipitation (shading,
mm day-1) averaged for the boreal summer (May–September) from
1997 to 2004. The values in the parentheses indicate the correlation
coefficients between the CMAP and the simulated precipitation in the
plotted region (30S * 30N, 30E * 160W). Geographical distri-
butions of difference in d, e precipitation between the two experi-
ments and observed data
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decreased over the tropical Pacific (Fig. 4b). The diurnal
variation of SST (i.e., CGCM—NODI) drives a slight
change in precipitation over the Indian Ocean and the
western and central Pacific (Fig. 4c). Thus, it is clear that
the SST change is the major cause for the improve pre-
cipitation climatology. Either the coupling itself or inclu-
sion of diurnal variation in SST does not affect
significantly the simulated precipitation climatology.
The difference fields of the net surface heat fluxes
between the experiments are shown in Fig. 5. Just like a
precipitation, net surface heat flux is significantly changed
by effects of SST. Although the coupling itself does not
affect the simulated precipitation climatology, net surface
heat flux from the CGCM experiment are enhanced com-
pare to that from the FSST experiment, although both
experiments have the same SST. The effects of diurnal
variation of SST are not dominant in controlling surface
fluxes and precipitation. Thus, it is clear that the
improvement in the overall precipitation pattern in the
CGCM experiment is due to the effect of SST with con-
sideration of ocean–atmosphere feedback.
This improvement by coupling can be quantitatively
visualized in the Taylor diagram (Fig. 6). The correlation
coefficients from the CGCM and FSST experiments show
higher pattern correlation coefficients than that from the
AGCM experiment. The correlation coefficient and root
mean square error from the NODI experiment are similar to
those from the CGCM experiment, but with a reduction of
standard deviation. Consequently, the change in SST due to
coupling is the major cause for the improved precipitation
climatology. Either the coupling itself or the inclusion of
diurnal variation in SST does not affect the simulated
precipitation climatology.
(a) NET SFC HEAT FLUX (AGCM – OBS)    
(b) NET SFC HEAT FLUX (CGCM – AGCM)    
Fig. 3 a Climatological biases of net surface heat flux in the AGCM
experiment and OAFlux dataset, b difference fields between the
CGCM and AGCM experiments. Unit is W m-2
(a) Precipitation (FSST –AGCM) 
(b) Precipitation (CGCM – FSST)  
(c) Precipitation (CGCM – NODI) 
Fig. 4 May–September mean precipitation (mm day-1) difference
fields between the a FSST and AGCM, b CGCM and FSST, c CGCM
and NODI experiments. The period used in the calculation is 8 years
(1997–2004)
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3.2 Evaluation of ISO
To demonstrate how the magnitude and geographical dis-
tribution of intraseasonal variability are simulated, maps of
the 20–100-day filtered variances of precipitation are
shown in Fig. 7. In observation, the precipitation variance
maximum is located in the eastern Indian Ocean and
western Pacific (Fig. 7a). Overall, all simulations show
similar patterns in terms of dominant variance over the
Indian Ocean and the western and eastern Pacific compared
to those from the GPCP observations. It is clear that the
AGCM experiment exaggerates the variance along the
ITCZ over the central and eastern Pacific, Indian Ocean,
and the South Pacific Convergence Zone (SPCZ) over the
western Pacific (Fig. 7b). The CGCM, FSST, and NODI
experiments also overestimated the variance, but to a lesser
extent than the AGCM experiment (Fig. 7c, e, f). Results
from the FSST and NODI experiments are similar to those
from the CGCM run. The variance in the CGCM experi-
ment is the closest to that observed over the northwest
Pacific and Indian Ocean. The pattern correlation coeffi-
cient from the CGCM is 0.66, which is the highest of all the
experiments.
Equatorial wavenumber-frequency spectra (Hayashi
1979) for equatorial 850-hPa zonal wind to the isolation of
the characteristic spatial and temporal scales on which
variability is organized are shown in Fig. 8. The zonal
wind was chosen for the analysis of the ISO signal because
it is important to the ISO surface energy budget, with
implications for air–sea interactions and wind-induced flux
forcing of convection (e.g., Hendon 2000; Inness et al.
2003; Bellon et al. 2008. The spectra were computed by
Fourier transforming 180-day segments centered on the
boreal summer, forming power, and then averaging over
8 years of data (1997–2004). The resulting bandwidth is
(180 days)-1. By definition, eastward propagation is rep-
resented by positive frequency and positive wavenumber,
whereas westward propagation is represented by one or the
other being negative. If standing oscillations are present,
they will project as equal amounts of power in the eastward
and westward directions.
(a) NET SFC HEAT FLUX (FSST – AGCM) 
(b) NET SFC HEAT FLUX (CGCM – FSST) 
(c) NET SFC HEAT FLUX (CGCM – NODI) 
Fig. 5 Net surface heat flux difference fields between the a FSST and
AGCM, b CGCM and FSST, c CGCM and NODI experiments. Unit
is W m-2
Fig. 6 Taylor diagram of standard deviation and pattern correlation
coefficient for summer precipitation. The size of each circle indicates
the magnitudes of root mean square errors
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Consistent with the results of previous studies (Law-
rence and Webster 2002; Wheeler and Hendon 2004;
Zhang et al. 2006; Kim et al. 2009), the dominant spatial
scale of the 850-hPa zonal wind in observations is zonal
wavenumber 1 for periods of 30–80 days (Fig. 8a). The
eastward power is about four times that of the westward
power at intraseasonal frequencies and spatial scales
characteristic of the ISO. All experiments reproduce a
spectrum with wavenumber 1, which is similar to the
observed spectra. For most experiments, eastward propa-
gating power tends to be concentrated at low frequency
(period [80 days). The simulated power from AGCM
experiment shows a more exaggerated magnitude than the
other results (Fig. 8b). Meanwhile, the wavenumber spec-
tra in the eastward and westward directions for the FSST,
NODI, and CGCM experiment are similar to each other
(Fig. 8c, d, e).
To assess whether the extracted ISO modes are physi-
cally meaningful and distinct from a red noise process, the
power spectra of an unfiltered 850-hPa zonal wind was
calculated over the Indian Ocean (68.75 E-96.25 E,
3.75 N–21.25 N) from the RA2 data and model simula-
tions (Fig. 9). In the RA2 data, the spectral power that is
statistically significant at the 95 % confidence level, rela-
tive to a red noise process, is concentrated near a period of
50 days and related to the ISO modes (Fig. 9a). The
AGCM simulation also shows the power to be statistically
significant near a period of 50 days; however its magnitude
is too weak (Fig. 9b). The CGCM experiment well captures
the power near a period of 60 and 20 days as seen in the
RA2 data (Fig. 9c). In the FSST experiment, the period
related to the ISO signal is near the ISO time scale;
however, the power is concentrated at low frequencies
(period [80 days) (Fig. 9d). The NODI experiment shows
the period of 60 and 20 days as seen in the CGCM
experiment; however, the magnitude is exaggerated
(Fig. 9e). Therefore, it is clear that the simulation of ISO
phases can be improved by the inclusion of diurnal varia-
tion in SST. From Table 2, which is tabulated the fre-
quency and power at 1st and 2nd peak as seen in the RA2
data, it is also confirmed that the magnitudes of 1st and 2nd
power from CGCM experiment (0.021, 0.019) show the
closest to those from the RA2 data (0.018, 0.019).
To further examine the effect of diurnal cycle in SST
on the simulated ISO, the additional experiments with a
doubled resolution at the triangular truncation at wave
number 126 in the horizontal were performed for the
NODI and CGCM experiments. In Fig. 10, it is seen
that the period related to the ISO signal is near the ISO
time scale (about 60 days) when the diurnal cycle is
 (a) GPCP 
(b) AGCM (0.60) 
(c) CGCM (0.66) 
(d) FSST (0.63) 
(e) NODI (0.65) 
Fig. 7 The 20- to 100-day precipitation variance (mm2 day-2)
averaged for the 8-year from 1997 to 2004. a GPCP observation,
b AGCM, c CGCM, d FSST, and e NODI experiment, respectively.
The values in the parentheses indicate the correlation coefficients
between the GPCP data and simulated precipitation variance in the
plotted region (30S–30N, 30E–60W)
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considered. The power near the period of 20 days is
reduced towards the observed. It is noted that results from
the NODI experiment show a weakened power near the
period of 60 days and exaggerated power near the period
of 20 days. This finding demonstrates that the inclusion of
diurnal cycle in SST consistently improves the magnitude
of ISO by suppressing or enhancing the magnitude of the
power spectra.
Consequently, using prescribed SST from coupled
model in the atmosphere-only model leads to the improved
(a) RA2 
(b) AGCM (c) CGCM 
(d) FSST (e) NODI 
Fig. 8 May-September wavenumber-frequency spectra of 10N–
10S averaged 850-hPa zonal wind (m2 s-2) for the a NCEP/NCAR
reanalysis-data, b AGCM, c CGCM, d FSST, and e NODI experi-
ment, respectively. Individual May-September spectra were
calculated for each year and then averaged over all years of data.
Only the climatological seasonal cycle and time mean for each May-
September segment were removed before calculation of the spectra.
The bandwidth is (180 days)-1
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prediction of large-scale fields and precipitation. Also, the
coupling itself does not affect the simulated precipitation
climatology. Although the diurnal variation of SST does
not provide a significant effect on seasonal tropical pre-
cipitation climatology, the ISO simulation is modulated to
some extent since the frequency and power from the
CGCM experiment are better reproduced than those from
the NODI experiment.
(a) RA2 
(b) AGCM (c) CGCM 
(d) FSST (e) NODI 
Fig. 9 The power spectrum of daily 850-hPa zonal winds anomaly
for the boreal summers from 1997 to 2004. 850-hPa zonal winds are
area averaged over the domain of 3.75N–21.25N and 68.75E–
96.25E (Indian Ocean). Dotted lines show the upper 95 %
confidence limits on this red noise spectrum
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4 Concluding remarks
In this study, we investigate the impacts of air–sea inter-
action on simulated tropical climatology using the atmo-
sphere-only model and atmosphere–ocean coupled model.
Two sensitivity experiments examine the individual effects
of coupling process and the diurnal variation of SST. The
characteristics of wave propagation and the intensity of the
ISO simulated by the model, together with the mean cli-
matology, are investigated for extended boreal summers
from 1997 to 2004.
The coupled run satisfactorily reproduces the distribution
of SST compared with the observed data; however it shows
cold biases over the tropical Pacific region. In the coupled
model included all effects (SST changes, coupling, and
diurnal variation of SST), the precipitation pattern shows
better agreement with the observed data than that from the
atmospheric run. It is due to the fact that the coupled run can
reflect the SST cooling by interaction of positive heat flux
related to the decreased precipitation. Consequently, the SST
change due to coupling is the major cause of the improved
precipitation climatology. Either the coupling itself or the
inclusion of diurnal variation in SST does not affect signifi-
cantly the simulated precipitation climatology. These results
can confirm in the Taylor diagram of standard deviation and
pattern correlation coefficient for precipitation.
All experiments exaggerate the variance along the ITCZ
over the central and eastern Pacific, the Indian Ocean and
the SPCZ over the western Pacific. The variance from the
coupled model is closer to that observed along the ITCZ and
SPCZ; however, it is still exaggerated over a broader
region. In the RA2 850 hPa zonal wind data, the spectral
power is concentrated near a period of 50 days. In the
atmospheric run, the power is similar to the RA2 data;
however, the magnitude is too weak. The coupled run shows
the reasonable periods and magnitude of spectral power.
Meanwhile, Fu et al. (2004) showed that when initial
conditions and SST forcing are exactly the same for cou-
pled run and atmospheric run, identical ISO solutions are
found for both of them. Our study identified the differences
in ISO power spectrum for the two experiments, even if the
AGCM utilizes the same initial conditions and SST output
from the coupled run. It is due to the addition of diurnal
cycle in the coupled run through the mixed layer cooling
and surface energy budget that are computed every inte-
gration time step. Additional experiment that excludes the
diurnal cycle in coupled run further confirms the impor-
tance of diurnal cycle in SST variation by decreasing or
increasing the magnitude of spectral power.
Also, some studies have demonstrated that air–sea
coupling does not appear to be critical for ISO or using a
coupled model did not give definitively accurate ISO
simulation (Hendon 2000; Zhang et al. 2006; Newman
2007). Hendon (2000) demonstrated that coupling is not a
panacea for problems of simulating the MJO in uncoupled
GCM by investigation of tropical MJO with an atmospheric
model coupled OML model. Zhang et al. (2006) found that
air–sea coupling generally strengthens the simulated east-
ward propagating signal, but its effects are inconsistent
among the simulations. Newman (2007) investigated
understanding of tropical decadal variability using some
coupled models. They demonstrated that stationary eigen-
mode is not captured well in many coupled GCMs because
the tropical SST decadal variability from many coupled
Table 2 Frequency (cycles day-1) and power at 1st and 2nd peak in
the power spectrum of daily 850-hPa zonal winds anomaly for the
boreal summers from 1997 to 2004
Exp. 1st peak 2nd peak
Frequency Power Frequency Power
RA2 0.022 0.021 0.050 0.019
AGCM 0.022 0.010 0.120 0.012
CGCM 0.018 0.031 0.050 0.019
FSST 0.030 0.019 0.090 0.021
NODI 0.018 0.040 0.052 0.032
(a) NODI 
(b) CGCM 
Fig. 10 Same as in Fig. 9, but for a NODI, b CGCM experiments
with high resolutions
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GCMs is still too weak and North Pacific SSTs are too
independent of the Tropics.
Meanwhile, a number of studies (Fu et al. 2003; Zheng
et al. 2004; Wu et al. 2007; Kug et al. 2008; Pegion and
Kirtman 2008; Kim et al. 2010; Watterson 2013; Watterson
and O’Farrell 2013) as well as this study suggested that the
feedback between the ocean and atmosphere plays an
important role in climatological simulation and defining the
ISO characteristics. For example, Kim et al. (2010) showed
that the mean MJO intensity has more realistic amplitude in
the coupled model than in the atmosphere-only model. Wu
et al. (2007) and Kug et al. (2008) suggested that SST–pre-
cipitation feedback in coupled model leads to improve the
simulated precipitation climatology, although much work
remains to improve the MJO in climate models despite
improvement in representing ISO in coupled models (Zhang
2005; Sperber and Annamalai 2008). These results are con-
sistent in our study.
Our study implies that the effects of the diurnal variation
of SST should be taken into account when simulating ISO
in coupled GCMs. The coupled run improves the simulated
climatology as well. A link between the seasonal clima-
tology and ISO is a debating issue, even though there is
some evidence between them. For example, Park et al.
(2010) demonstrated that accurate ISO simulation con-
tributes to the improved seasonal predictability of boreal
summer precipitation. Kumar et al. (2010) showed an
inverse relationship with rainfall over India and ISO index.
Further understanding of feedback mechanism between
seasonal prediction and ISO is to needed.
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